Background: MUNC13-4 regulates vesicular trafficking, and its deficiency causes immunodeficiency in humans. Results: MUNC13-4 regulates ROS production, phagosomal maturation, and bacterial killing in neutrophils. Conclusion: MUNC13-4 is essential for the neutrophil-dependent innate immune response. Significance: This study identifies MUNC13-4 as a potential target for therapeutic intervention during bacterial infections.
associated with susceptibility to bacterial and fungal infections (8 -10) .
The bactericidal activity of neutrophils is also mediated by their ability to generate reactive oxygen species (ROS). In neutrophils, ROS production relies on the NADPH oxidase, a multisubunit enzymatic complex that is responsible for the monoelectronic reduction of oxygen to produce superoxide anion (O 2 . ) (11) . The production of O 2 . is directly associated with the microbicidal capacity of these cells because patients with chronic granulomatous disease (CGD), whose NADPH oxidase is inactive, suffer recurrent bacterial and fungal infections (12) . The neutrophil NADPH oxidase complex is composed of the cytosolic factors p47 phox , p67 phox , and p40 phox ; the membraneassociated flavocytochrome b 558 (formed by the subunits gp91 phox and p22 phox ); and the accessory proteins Rac2 (13) and Rap1a (14 -16) . In unstimulated neutrophils, the oxidase is dissociated and inactive. In response to appropriate stimuli, the flavocytochrome b 558 assembles with the cytosolic factors, generating a functional complex (14) . Most subunits of the flavocytochrome b 558 are associated with the membranes of intracellular specific and gelatinase granules, and only a small proportion is also present at the plasma membrane (17) . Many soluble stimuli including the bacterially derived chemotactic peptide formyl-methionyl-leucyl-phenylalanine (fMLP) (18) and lipopolysaccharide (LPS) (19) are able to up-regulate the number of plasma membrane-associated NADPH oxidase subunits by inducing the mobilization of intracellular secretory organelles and promoting the fusion of granule membranes with the plasmalemma, thus increasing the oxidative activity in the milieu surrounding the neutrophil. In addition, during phagocytosis, flavocytochrome b 558 -containing granules fuse with the phagosome, and the oxidase is assembled at phagosomal membranes (20 -22) . Equally important, azurophilic granules and multivesicular bodies are able to fuse with the phagosomal membrane in a sequential manner in a process referred to as phagosome maturation (23, 24) . Thus, myeloperoxidase and serine proteases are released from azurophilic granules into the phagosome to mediate the formation of antibacterial HOCl at the expense of H 2 O 2 and to degrade bacterial materials, respectively. Lysosome-associated membrane protein 1 (LAMP1), which in neutrophils localizes at MVBs (6) , is also considered an important factor for efficient phagosomal maturation (24) . From this, it is clear that granule trafficking and fusion are essential for the neutrophil innate immune response, but the molecular mechanisms regulating these processes are not fully characterized. The small GTPase RAB27A is a master organizer of vesicular trafficking and, together with its specific effectors, controls exocytosis in hematopoietic cells (25) . In neutrophils, RAB27A controls azurophilic granule exocytosis and regulates the activation of the NADPH oxidase at the plasma membrane (26 -28) . The RAB27A effector MUNC13-4 is also involved in the regulation of granule exocytosis (27, 29, 30) and controls the priming of myeloperoxidase release in response to bacterial lipopolysaccharide (30) , but its role in other neutrophil functions remains unknown. Importantly, defects in the rab27a or the unc13-4 genes are associated with immunodeficiencies in humans (31) . For instance, RAB27A deficiency causes Griscelli syndrome type 2, an immunodeficiency with partial albinism (32) , whereas MUNC13-4 deficiency is the cause of human familial hemophagocytic lymphohistiocytosis type 3 (FHL3) (33) . Both RAB27A and MUNC13-4 deficiencies are associated with malfunction of cytotoxic T lymphocytes, natural killer cells, and neutrophils, and patients with Griscelli syndrome type 2 and FHL3 suffer an accelerated phase (hemophagocytic lymphohistiocytic syndrome) initiated by recurrent and often fatal viral and bacterial infections (34) .
In neutrophils, MUNC13-4 regulates exocytosis of azurophilic (30) and tertiary (29) granules, but the increased susceptibility of patients with FHL3 to bacterial infections (34) suggests further defects in neutrophil function. Possible roles for MUNC13-4 in the control of the secretion of other neutrophil granules, ROS production, phagocytosis maturation, or NET formation have not been explored. In this work, using neutrophils from MUNC13-4-deficient mice, we show that MUNC13-4 plays a previously unrecognized fundamental role in the regulation of neutrophil phagosome maturation and ROS production.
EXPERIMENTAL PROCEDURES
Experimental Animal Models-Our experiments utilized C57BL/6 munc13-4 jinx/jinx mice (here referred to as munc13-4 KO mice) (35) , ashen mice (C57BL/6-rab27a ash/ash ) (36) , and their parental strain, C57BL/6 (wild type). The munc13-4 KO mouse model was generated by random germ line mutagenesis using the alkylating agent N-ethyl-N-nitrosourea (35) . Based on Western blot analysis, we have previously established that munc13-4 KO mice have a MUNC13-4-null phenotype (27) . The munc13-4 KO mice were maintained as a homozygous stock for use in these studies. rab27a ash/ash (RAB27A KO) mice that contain a splicing mutation in the rab27a gene have been extensively utilized for the study of RAB27A deficiency and were described previously (36) . Mice (6 -12 weeks old) were maintained in a pathogen-free environment and had access to food and water ad libitum. The gp91 phox KO mice were contributed by Dr. Josh Fierer (University of California, San Diego) and were described previously (37, 38) . All animal studies were performed in compliance with the United States Department of Health and Human Services Guide for the Care and Use of Laboratory Animals. All studies were conducted according to National Institutes of Health and institutional guidelines and with approval of the animal review board at The Scripps Research Institute.
Isolation of Neutrophils-Bone marrow-derived neutrophils were isolated using a Percoll gradient fractionation system as described (39) . For neutrophil isolation, a three-layer Percoll gradient was used (52, 62, and 78%). Neutrophils were isolated from the 62 to 78% interface, washed, and used in all our assays. Human neutrophils were isolated from normal donor's blood by Ficoll density centrifugation as described previously (40) . Cell fractionation assays using sucrose gradients were performed exactly as depicted before (26) .
ROS Production-Neutrophil ROS production was measured using the chemiluminescence reactions mediated by luminol or isoluminol as described previously (22, 28) . For the detection of extracellular ROS, 3 ϫ 10 5 neutrophils were resuspended in RPMI 1640 medium in the presence of isoluminol and horseradish peroxidase (6.58 units/ml). Neutrophils were stimulated with fMLP (10 M), and chemiluminescence was continuously monitored for up to 20 min at 37°C using an EG&G Berthold microplate luminometer. Where indicated, neutrophils were preincubated with LPS (10 ng/ml) for 30 min before fMLP stimulation. For the analysis of intracellular ROS production, neutrophils were stimulated with serum-opsonized Pseudomonas aeruginosa strain PAK kindly contributed by Dr. S. Lory at Harvard University. Bacteria were utilized at a ratio of 1:10 (neutrophils/bacteria). In other experiments, neutrophils were stimulated with phorbol 12-myristate 13-acetate (0.1 g/ml), and luminol-dependent chemiluminescence was continuously monitored for 20 min at 37°C. Where indicated, the cells were incubated in the presence of superoxide dismutase (300 units/ml) or cytochalasin D (10 g/ml) for 10 min before stimulation.
Total Internal Reflection Fluorescence (TIRF) Microscopy Analysis-Wild type and MUNC13-4 KO murine neutrophils were seeded in 8-well plates with bottom coverglass (number 1.5 borosilicate coverglass, Lab-Tek, Nunc). The cells were fixed with 4% paraformaldehyde, permeabilized with 0.02% saponin, and blocked with a solution of 2% BSA in PBS. The samples were incubated with primary antibodies overnight at 4°C in the presence of 0.02% saponin and blocking agents and subsequently labeled using Alexa Fluor 488-or 594-conjugated secondary antibodies (Invitrogen). The cells were stored in unsolidified water-based mounting medium (refractive index, 1.37) or PBS until analyzed. TIRF microscopy experiments were performed using a 100ϫ 1.45 numerical aperture TIRF objective (Nikon) on a Nikon TE2000U microscope custom modified with a TIRF illumination module as described (30) . Images were acquired on a 14-bit, cooled charge-coupled device camera (Hamamatsu) controlled through NIS-Elements software. The images were recorded using 300 -500-ms exposures depending on the fluorescence intensity of the sample. Images were analyzed using ImageJ software (version 1.43) and quantified using Quantity One analysis software (Bio-Rad).
Immunofluorescence and Confocal Microscopy Analysis-Wild type and MUNC13-4 KO murine neutrophils were seeded on untreated number 1.5 borosilicate coverglasses (Corning). Where indicated, neutrophils were stimulated with fMLP (10 M) or exposed to rhodamine-labeled P. aeruginosa for the indicated time at 37°C, then fixed with 4% paraformaldehyde, permeabilized with 0.02% saponin, and blocked with 2% BSA in PBS. Samples were labeled with the indicated primary antibodies overnight at 4°C in the presence of 0.02% saponin and 2% BSA. Samples were washed and subsequently incubated with the appropriate combinations of Alexa Fluor (488, 594, or 633)conjugated donkey anti-rabbit, anti-rat, or anti-mouse secondary antibodies (Invitrogen). To stain the neutrophil extracellular traps, samples were incubated with 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI) for 15 min at 21°C and gently washed with PBS. Cells were stored in Fluoromount-G (Southern Biotechnology, Birmingham, AL) and analyzed using a Zeiss LSM 710 laser-scanning confocal microscope attached to a Zeiss Observer Z1 microscope using the 63ϫ or 40ϫ oil Plan Apo, 1.4 numerical aperture infinity-cor-rected optics at 21°C. For visualization, fluorescence associated with Alexa Fluor 594-labeled secondary antibody was excited using the 543-nm laser line and collected using a standard Texas Red filter. Fluorescence associated with Alexa Fluor 488labeled secondary antibodies was visualized using the 488-nm laser line and collected using a standard FITC filter set. Fluorescence associated with Alexa Fluor 633-labeled secondary antibodies was visualized using the 632-nm laser line and collected using a standard filter set. Images were collected using ZEN-LSM software and processed using ImageJ and Adobe Photoshop CS4.
Quantification of NETs-NETs were quantified using SYTOX Green as described previously (41) . To this end, neutrophils were seeded into 96-well plates (1 ϫ 10 6 /well) and stimulated with P. aeruginosa in a 3:1 ratio (bacteria/neutrophil) in the presence or absence of DNase I (100 units/ml) for 3 h at 37°C. Next, the cell-impermeable nucleic acid stain SYTOX Green (Invitrogen) was added to a final concentration of 5 M. Unstimulated neutrophils and bacteria alone were always included as controls. The samples were analyzed for fluorescence intensity (485-nm excitation/527-nm emission) using a SpectraMax Gemini EM spectrofluorometer (Molecular Devices). In some experiments, NET production was quantified by confocal microscopy. To this end, wild type and MUNC13-4 KO murine neutrophils were seeded on an untreated coverglass, stimulated, fixed, and incubated with DAPI for 15 min at 21°C. Samples were analyzed by confocal microscopy using a Zeiss LSM 710 laser-scanning confocal microscope attached to a Zeiss Observer Z1 microscope using the 40ϫ oil Plan Apo, 1.4 numerical aperture infinity-corrected optics at 21°C. Images were processed using ImageJ, and NETs were counted manually from 10 fields for each experimental condition. The percentage of NET-producing cells was calculated by dividing the number of NET-producing cells in each field by the total number of cells in the same field for wild type and MUNC13-4 KO neutrophils.
Labeling of Bacteria-P. aeruginosa strain PAK was used for all studies and was grown overnight in Luria broth medium at 37°C with vigorous aeration. Prior to experiments, bacteria were subcultured at 37°C and grown to logarithmic growth from an overnight culture. Subsequently, the bacteria were collected by centrifugation, washed twice in PBS, and resuspended in PBS to an A 600 of 1 (i.e. 1 ϫ 10 9 bacteria/ml). For labeling, the bacteria were incubated overnight at 4°C in the presence of freshly prepared 50 M tetramethylrhodamine mixture (33.3 mM tetramethylrhodamine, 33.3 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride), and 33.3 mM N-hydroxysuccinimide). Bacteria were washed twice with PBS, viability was checked microscopically, and bacteria were immediately used in phagocytosis assays.
Phagocytosis Assay-Phagocytosis was measured using tetramethylrhodamine-labeled live P. aeruginosa. Briefly, serum-opsonized fluorescently labeled live bacteria were added to 2 ϫ 10 6 neutrophils at a ratio of 3:1 (bacteria/neutrophil) in a final volume of 0.3 ml of PBS. The samples were incubated for 1 h at 4°C for synchronization and subsequently incubated for 15, 45, 60, and 180 min at 37°C. A trypan blue quenching solution was prepared by diluting the trypan blue stock solu-tion (0.4%) 1:10 in PBS buffer and added to the samples. Samples were washed with PBS, fixed with 4% paraformaldehyde, used for immunofluorescence, and analyzed by confocal microscopy.
Gel Electrophoresis and Western Blotting-Proteins were separated by gel electrophoresis using NuPAGE gels and MOPS buffer (Invitrogen). Proteins were transferred onto nitrocellulose membranes for 180 min at 60 V and 4°C. The membranes were blocked with PBS containing 5% (w/v) blotting grade nonfat dry milk blocker (Bio-Rad) and 0.05% (w/v) Tween 20. Proteins were detected by probing the membranes with the indicated primary antibodies at appropriate dilutions and using a detection system consisting of horseradish peroxidase (HRP)conjugated secondary antibodies (Bio-Rad) and chemiluminescent substrates (Thermo Fisher Scientific) visualized using Hyperfilm films (Amersham Biosciences).
Chromogenic Bacterial Killing Assay-Bacterial killing assays using mouse neutrophils were performed by adapting a previously described killing assay in suspension (42) to a chromogenic quantitative detection of live bacteria (43) . Briefly, P. aeruginosa strain PAK was subcultured at 37°C to logarithmic growth from an overnight culture by adding 1 ml of this culture to 30 ml of Luria broth, and this new culture was grown for an extra 3 h. Subsequently, the bacteria were collected by centrifugation (3000 rpm for 5 min), washed twice in PBS, and resuspended in PBS to an A 600 of 1. After opsonization (10% (v/v) pooled serum for 15 min at 37°C), bacteria were added to 2 ϫ 10 6 neutrophils in a ratio of 3:1 (bacteria/neutrophil) and incubated for 3 h with rotation at 37°C. This ratio of bacteria/neutrophil was chosen based on the highest bone marrow-derived neutrophil-dependent killing of P. aeruginosa we observed under the experimental conditions described in this protocol. Reactions consisting of live bacteria incubated with heat-killed neutrophils were used as control. The reactions were diluted in water/NaOH (pH 11) and incubated for 5 min at 37°C to lyse neutrophils. Bacteria were spun at 3000 rpm, resuspended in Luria broth medium, and incubated for an extra 1 h at 37°C. After incubation, samples were seeded into 96-well plates, and 20 l of a freshly made formazan dye (3,3Ј-[1{(phenylamino)-carbonyl}-3,4-tetrazolium]-bis[4-methoxy-6-nitro]benzene sulfonic acid hydrate (XTT)) substrate solution was added to each well as described previously (43) . The substrate solution was prepared in phosphate-buffered saline containing XTT (0.5 mg/ml; Sigma). The plates were incubated at room temperature, and the A 450 was measured at 0 and 30 min. The ability of wild type and MUNC13-4 KO neutrophils to kill extracellular live bacteria was measured by addition of XTT after the 3-h incubation time but without alkaline lysis. As XTT has a net negative charge and is largely cell-impermeable (44) , this only detects extracellular bacteria. Color formation by bone marrow-derived neutrophils in the absence of bacteria under these assay conditions was insignificant (not shown). The percentage of bacterial survival was calculated by dividing the values obtained from each sample by the values measured in the respective control (bacteria plus heat-killed neutrophils) in wild type and MUNC13-4 KO cells.
Antibodies-The polyclonal antibody against p22 phox (NPP-1890) was raised in rabbits using the synthetic peptide CNPPPRPPAEARKKPSE, and its characterization is presented in supplemental Fig. S1 . The generation and characterization of the anti-gp91 phox monoclonal antibody 18C7 were described previously (45) . The rabbit polyclonal antibody raised against MUNC13-4 was described previously (27) . We also used anti-CD35 (Santa Cruz Biotechnology, Santa Cruz, CA), anti-MPO (Hycult Biotech), and anti-LAMP1 (Santa Cruz Biotechnology).
RESULTS

MUNC13-4 Regulates the Number of p22 phox -expressing
Granules at the Exocytic Active Zone-The neutrophil oxidative response is essential for the efficient bactericidal activity of these cells. Because exocytosis is considered an important factor for NADPH oxidase activation (18) and MUNC13-4 regulates exocytosis in neutrophils (29, 30) , we sought to analyze a possible function for MUNC13-4 in ROS production regulation. First, we determined the subcellular distribution of MUNC13-4 in relationship to that of flavocytochrome b 558 by cell fractionation and confocal microscopy. We found that endogenous MUNC13-4 colocalizes and cofractionates with organelles expressing gp91 phox and p22 phox , respectively ( Fig. 1,  A and B) , which are generally accepted to exist solely as heterodimers in mature neutrophils (46) . This suggested a possible role for MUNC13-4 in the regulation of flavocytochrome b 558 trafficking.
MUNC13-4 regulates vesicular trafficking and has been proposed to regulate vesicular tethering (47) , docking (30) , and fusion (33) during exocytosis. To analyze whether the deficiency in MUNC13-4 is associated with abnormal distribution or mobilization of flavocytochrome b 558 -expressing organelles, we utilized TIRF microscopy and analyzed the localization of flavocytochrome b 558 -expressing granules in relationship to the plasma membrane in MUNC13-4 KO cells. In TIRF microscopy, imaging is confined to the cell surface such that it detects fluorescence events within ϳ100 nm of the coverslip, allowing the analysis of processes that take place in close proximity to the plasma membrane (48) , hereafter referred to as the exocytic active zone (39) . In these assays, neutrophils from wild type or munc13-4 KO mice were stimulated with fMLP or left untreated, and the distribution of endogenous p22 phox -containing granules in the exocytic active zone was analyzed by immunofluorescence microscopy using antibodies that specifically detect endogenous p22 phox . We found that the number of flavocytochrome b 558 -expressing granules in unstimulated MUNC13-4 KO cells is similar to that present in the exocytic active zone of wild type cells ( Fig. 1, C and D) . However, although stimulated wild type neutrophils showed a marked increase in the number of p22 phox -positive vesicles in proximity to the plasma membrane, the number of vesicles at the exocytic active zone corrected by area unit did not significantly increase in MUNC13-4 KO cells after fMLP treatment (Fig. 1, C and D) . Similar results were observed when the distribution of gp91 phox -positive vesicles was analyzed (data not shown). The deficient mobilization of flavocytochrome b 558 in MUNC13-4 KO cells is most likely explained by a defect in the trafficking of gelatinase and specific granules, which contain more than 85% of the intracellular flavocytochrome b 558 , toward the plasma membrane. Defects in the translocation of flavocytochrome associated with the neutrophil organelle named the secretory vesicle (49) are unlikely because the mobilization of this subcellular organelle is not impaired in MUNC13-4 KO neutrophils (27) . Next, to exclude the possibility that the lower number of p22 phox -positive granules visualized in the active zone of MUNC13-4 KO neutrophils was caused by decreased protein expression, we analyzed p22 phox expression by Western blot. No differences in the expression of p22 phox protein were found between wild type and MUNC13-4 KO neutrophils (Fig. 1E ). Altogether, our data suggest that MUNC13-4 KO neutrophils may have a defective extracellular oxidative response due to deficient granule trafficking or impaired granule retention at the exocytic active zone.
The Integration of p22 phox into the Plasma Membrane Is Impaired in MUNC13-4 KO Neutrophils-MUNC13-4 has been proposed to regulate secretory organelle fusion (33, 50) . To investigate a possible role for MUNC13-4 in the regulation of flavocytochrome b 558 integration into the plasma membrane, we performed immunofluorescence and confocal microscopy analysis of wild type and MUNC13-4 KO neutrophils and labeled the plasma membrane with rhodamine-wheat germ agglutinin (WGA). In these assays, transversal images of fMLP-stimulated neutrophils were analyzed to determine putative differences in the insertion of p22 phox -containing membranes into the plasmalemma between wild type and MUNC13-4 KO neutrophils. Using this approach, we found that upon stimulation, p22 phox -positive granules translocate to and integrate into the plasma membrane in wild type cells, as visualized by the colocalization of the flavocytochrome-subunit p22 phox with WGA ( Fig. 2A) . In contrast, although p22 phoxexpressing vesicles appeared to translocate to areas near the plasma membrane after stimulation in MUNC13-4 KO neutrophils, these organelles were unable to integrate into the plasmalemma as evidenced by their decreased colocalization with WGA ( Fig. 2A ). Quantification analysis shows that although 89.8 Ϯ 14.1% of the p22 phox vesicles in the exocytic active zone colocalize with the marker WGA in fMLP-stimulated wild type cells, only 22.5 Ϯ 14.0% of the p22 phox expressing-vesicles showed colocalization with the plasma membrane marker in MUNC13-4 KO cells ( Fig. 2B ). Similar results were obtained when colocalization of p22 phox -positive granules was performed using the plasma membrane marker CD44 (data not shown). These data suggest that in addition to trafficking and docking (Ref. 30 and Fig. 1 ) MUNC13-4 regulates the fusion of flavocytochrome b 558 -containing granules to the plasma membrane.
The Production of Extracellular NADPH Oxidase-dependent ROS Is Impaired in MUNC13-4 KO Neutrophils-To test whether the abnormal mobilization of flavocytochrome b 558 was linked to a possible role of MUNC13-4 in the regulation of plasma membrane-associated ROS production, we next ana- lyzed the generation of extracellular ROS in MUNC13-4 KO neutrophils. To analyze the contribution of the NADPH oxidase to extracellular ROS generation in real time, we used the cell-impermeant, ROS-dependent, chemiluminescent probe isoluminol in the presence of horseradish peroxidase as described (22, 51) . Under these experimental conditions, isoluminol-mediated chemiluminescence is dependent on NADPH oxidase-derived ROS but independent of MPO. Neutrophils were stimulated with the chemotactic peptide fMLP, which is a well known inducer of extracellular superoxide anion in these cells (52) . Here, we show that MUNC13-4 KO neutrophils have a marked impairment in NADPH oxidase-dependent extracellular oxidative response (Fig. 2C ). The differences in the oxidative responses of MUNC13-4-deficient and wild type neutrophils were statistically significant ( Fig. 2D ), suggesting that MUNC13-4-dependent mechanisms are necessary to assemble the NADPH oxidase at the plasma membrane in neutrophils. MUNC13-4 has previously been implicated in priming of exocytosis, the mechanism that sensitizes neutrophils to amplify their response to a second stimulus (30) . Then, to evaluate whether MUNC13-4 is involved in priming of the oxidative response, neutrophils were incubated with LPS before fMLP stimulation, an approach that better recapitulates the in vivo situation. In Fig. 2E , we show that the response of LPS-primed MUNC13-4 KO neutrophils to fMLP was significantly impaired. However, LPS pretreatment modestly increased the oxidative response in MUNC13-4 KO cells. This is most likely explained by the non-exocytic priming mechanisms of LPS including LPS-induced p47 phox phosphorylation (53) .
To rule out the possibility that abnormal distribution of the flavocytochrome b 558 could cause the impaired oxidative response in MUNC13-4 KO cells, we next analyzed the subcellular localization of endogenous flavocytochrome b 558 in relationship to the distribution of several organelle/granule markers in MUNC13-4 KO neutrophils by confocal microscopy. We found normal distribution of p22 phox in MUNC13-4 KO cells that fully colocalizes with gp91 phox (supplemental Fig. S2 , A-D) and partially colocalizes with the secretory vesicle marker CD35 (supplemental Fig. S2 , E-H) in both unstimulated and stimulated MUNC13-4 KO neutrophils. As expected, p22 phox did not colocalize with MPO-containing granules in unstimulated MUNC13-4-KO or wild type neutrophils (supplemental Fig. S2 , I-L). Furthermore, no differences were identified between MUNC13-4 KO and wild type cells in the distribution of p22 phox in relationship to the early endosome marker EEA1 (supplemental Figs. S2, M-P) or the secretory vesicle marker vesicle-associated membrane protein (not shown).
Intracellular ROS Production Is Defective in MUNC13-4 KO Neutrophils-In neutrophils, intraphagosomal ROS production facilitates the killing of internalized bacteria (20, 54) . To evaluate whether MUNC13-4 regulates intraphagosomal ROS formation in response to physiological stimulation, we analyzed the oxidative response of MUNC13-4 KO neutrophils to the human pathogenic bacterium P. aeruginosa. In these experiments, we incubated wild type and MUNC13-4 KO neutrophils with live P. aeruginosa and analyzed ROS production using cellpermeant luminol. Under these experimental conditions, luminol-mediated chemiluminescence is dependent on both NADPH oxidase and MPO-derived by-products. Here, we show that intracellular ROS is dramatically impaired in MUNC13-4-deficient neutrophils infected with P. aeruginosa (Fig. 3, A and B) . No significant differences were observed in the maximal oxidative response time (peak) between MUNC13-4 KO and wild type neutrophils (3.50 Ϯ 0.29 versus 4.63 Ϯ 0.89 min, wild type versus MUNC13-4 KO, respectively; mean Ϯ S.E., n ϭ 6). Importantly, both the oxidative response to P. aeruginosa of wild type cells and the residual response of MUNC13-4 KO neutrophils to the bacteria were abolished when the cells were treated with the phagocytosis inhibitor cytochalasin D (Fig. 3, A and B) . Furthermore, neutrophils incubated with cell-impermeant isoluminol showed a weak or no oxidative response to P. aeruginosa (Fig. 3C ), indicating that P. aeruginosa triggers almost exclusively intracellular ROS production and suggesting that MUNC13-4 might regulate phagosomal assembly of the oxidase, phagocytosis maturation, or particle internalization.
MUNC13-4 Regulates Phagosome Maturation in Neutrophils-
To determine whether defective intracellular ROS production could be due to a possible role of MUNC13-4 in uptake of bacteria, we next quantified fluorescently labeled live P. aeruginosa internalization by wild type and MUNC13-4 KO neutrophils by confocal microscopy. In these experiments, the cells were extensively washed, and the fluorescence of the few remaining non-internalized bacteria was quenched with trypan blue. Internalized bacteria were quantified in z-stacks covering the whole cell using confocal microscopy (Fig. 4 ). Our quantitative analyses show that MUNC13-4 KO neutrophils are able to internalize bacteria as efficiently as wild type cells (Fig. 4 ). In this way, neither the number of neutrophils with internalized bacteria (Fig. 4, A and B) nor the number of phagosomes per cell (Fig. 4, C and D) was different between wild type and MUNC13-4-deficient cells, suggesting that internalization of bacteria is a MUNC13-4-independent process.
Next, we evaluated whether the impaired intraphagosomal oxidative response observed in MUNC13-4 KO neutrophils was caused by a putative role of this protein in the trafficking and/or tethering of p22 phox -positive vesicles to the phagosome upon bacterial internalization. To this end, we performed phagocytosis analysis of wild type and MUNC13-4 KO neutrophils treated with rhodamine-labeled, opsonized, live P. aeruginosa and determined the subcellular localization of endogenous p22 phox by confocal microscopy using antibodies that recognize the endogenous protein. In these assays, phagosomal localization of p22 phox was analyzed 15 min after the initiation of the synchronized phagocytosis assay. In Fig. 5A , we show that p22 phox translocates to the phagosome and integrates with the phagosomal membrane in both neutrophils lacking MUNC13-4 and wild type cells. Quantitative analysis revealed that the number of p22 phox -positive phagosomes in MUNC13-4 KO neutrophils was not significantly different from that observed in wild type neutrophils (Fig. 5B) .
Phagocytic vacuoles acquire degradative and microbicidal properties through the sequential fusion with intracellular organelles. In neutrophils, phagosome maturation is characterized by the fusion of the phagosome with several vesicles including azurophilic granules and multivesicular bodies (2, 55) . The observation that intraphagosomal ROS production was impaired in MUNC13-4 KO neutrophils but translocation of flavocytochrome b 558 to the phagosomal membrane was not affected suggested a possible role of MUNC13-4 in the trafficking of MPO-positive granules to the phagosome. Importantly, we have reported previously that MUNC13-4 localizes at a subpopulation of azurophilic granules (27) and that MUNC13-4 regulates azurophilic granule trafficking in neutrophils (30) , but a possible role for MUNC13-4 in trafficking during phagocytosis has not been explored. To investigate whether MUNC13-4 plays a role in regulating the fusion of phagosomes with azurophilic granules, we analyzed the subcellular distribution of MPO-positive organelles during phagocytosis by quantitative immunofluorescence confocal microscopy. To this end, we exposed wild type and MUNC13-4 KO neutrophils to rhodamine-labeled, opsonized P. aeruginosa for 45 min and stained with MPO antibodies. We found that whereas 73.3 Ϯ 3.2% of phagosomes in wild type neutrophils were positive for MPO staining, MUNC13-4-deficient cells showed MPO-positive granules in association with only 28.5 Ϯ 4.4% of their phagosomes ( Fig. 5, C and D) . Furthermore, MPO-positive staining in MUNC13-4 KO neutrophils showed a punctate staining close to the phagosome rather than integration with the phagosomal membrane, representing non-fused azurophilic granules (Fig. 5C, arrowheads) , suggesting that MUNC13-4 is necessary for azurophilic granule fusion with the phagosome.
To evaluate whether MUNC13-4 function in phagosomal maturation is exclusively associated with azurophilic granule fusion or it is extended to other intracellular organelles, we next evaluated whether MUNC13-4 regulates the mechanism of MVB fusion with the phagosome. MVBs bear the integral membrane protein LAMP1 (6) , which has been proposed to directly regulate phagosomal maturation (24) . Furthermore, MVB fusion with phagosomes has been shown to be important to complete the maturation process (56) . Here, we show that MVB recruitment to the phagosomes is impaired in MUNC13-4 KO cells ( Fig. 5E ) with 18.8 Ϯ 5.6% of their phagosomes containing LAMP1. This is significantly different from that observed in wild type neutrophils in which 80.9 Ϯ 5.6% of the phagosomes integrated LAMP1 to the phagosomal membrane 45 min after the initiation of the synchronized assay (Fig. 5F ). Altogether, these data suggest that MUNC13-4 is important for azurophilic granule and MVB delivery to the phagosome and fusion with the phagosomal membrane. Consequently, several steps required for phagosome maturation are impaired in the absence of MUNC13-4.
Intracellular ROS Production and Phagosomal Maturation Are Normal in RAB27A KO Neutrophils-RAB27A and its effector MUNC13-4 are master regulators of exocytosis in neutrophils (26, 27, 29, 30) . Furthermore, similar to that shown in this work for MUNC13-4, RAB27A also plays an important role in the regulation of the neutrophil extracellular oxidative response (28) . However, we and others have shown previously that MUNC13-4 is able to regulate some cellular functions in a RAB27A-independent manner (30, 57) , and previous studies from our laboratory indicate that RAB27A does not integrate with the phagosomal membrane in neutrophils (26, 28) . Here, we investigated a possible role of RAB27A in the phagosomal oxidative response and in the regulation of phagosomal maturation induced by P. aeruginosa. First, to analyze the ability of RAB27A to mediate phagosomal ROS production, wild type and RAB27A KO neutrophils were incubated in the presence of P. aeruginosa, and intraphagosomal ROS was determined using the luminol-dependent chemiluminescence assay. Different from that observed for MUNC13-4 KO cells, which showed a marked deficiency in their oxidative response (Fig. 3) , we found that the oxidative response triggered by phagocytosis of opsonized, live bacteria was not affected in RAB27A KO neutrophils (Fig. 6A ). This is in agreement with previous studies from our laboratory showing that RAB27A KO neutrophils have a normal intraphagosomal oxidative response to heatkilled Listeria monocytogenes (28) . Moreover, confocal microscopy analysis revealed that, different from that observed in MUNC13-4 KO neutrophils, MPO and LAMP1 recruitment to the phagosomes was not affected in RAB27A KO cells (Fig. 6B) .
MUNC13-4 KO Neutrophils
Have Impaired Bactericidal Activity-The ultimate function of bacterial internalization and phagosome maturation in neutrophils is to promote bacterial killing. Because MUNC13-4-deficient neutrophils showed defective phagosome maturation (Fig. 5) , we next evaluated whether MUNC13-4 KO neutrophils have impaired ability to kill bacteria. To this end, we first performed a bactericidal assay based on the lysis of neutrophils and quantification of both internalized-then-released and extracellular live bacteria. In this assay, wild type and MUNC13-4 KO neutrophils were incubated with opsonized P. aeruginosa for 3 h and subsequently used in killing assays. The viability of the released bacteria was then determined using the formazan dye XTT, which acts as an artificial electron acceptor of the electron transport chain (58) , used previously to detect microbial respiration events of P. aeruginosa (59) and quantified by spectrophotom-etry as described previously (43) . This analysis revealed that MUNC13-4 KO neutrophils have a significantly impaired bactericidal activity. In this way, only ϳ40% of the bacteria were killed by MUNC13-4 KO cells, whereas ϳ60% of the bacteria were killed by wild type neutrophils under the exact experimental conditions (Fig. 7A ). As mentioned above, no differences were found in the number of internalized bacteria between wild type and MUNC13-4 KO cells (Fig. 4 ), so differences observed in killing assays are most likely explained by the intraphagosomal bactericidal defects of MUNC13-4 KO neutrophils. Next, we tested the ability of MUNC13-4 KO neutrophils to kill extracellular bacteria using the same spectrophotometric approach used to measure the survival of non-internalized bacteria. Interestingly, differences in extracellular bacterial killing between wild type and MUNC13-4-deficient cells were only observed when neutrophils were treated with DNase I after the 3-h incubation time, assay conditions that favor the release of trapped bacteria from NETs (Fig. 7B ). This suggested that a relatively small but significant number of bacteria were trapped in NETs but not killed by MUNC13-4 KO cells. Because MUNC13-4 KO neutrophils have deficient exocytosis (27, 30) and impaired extracellular ROS production (Fig. 2) , our results suggested, in principle, that defects in either or both of these mechanisms could be responsible for the deficient extracellular killing observed in MUNC13-4 KO cells. To determine whether NADPH oxidase-derived ROS was necessary to kill P. aeruginosa by neutrophils, we next used gp91 phox KO neutrophils in killing assays. Our data, presented in Fig. 7C , show that the oxidase is dispensable for neutrophil-mediated killing of P. aeruginosa. This is in agreement with previous reports showing that neutrophils from CGD patients efficiently kill P. aeruginosa but not Pseudomonas cepacia (60) . Altogether, our data suggest that impaired phagosomal maturation and perhaps deficient exocytosis (30) are responsible for the defective killing of P. aeruginosa in MUNC13-4 KO neutrophils.
MUNC13-4 KO Neutrophils Show Increased NET Production
Compared with Wild Type Neutrophils-NETs are known to contribute to the elimination of pathogenic bacteria, and NET formation is deficient in certain immunodeficiencies (3, 41) . The finding that MUNC13-4-deficient cells showed impaired killing of non-internalized, putative NET-trapped bacteria prompted us to investigate whether MUNC13-4 KO cells produce normal neutrophil extracellular traps. To analyze whether MUNC13-4 KO neutrophils were able to produce NETs in response to live bacteria, neutrophils were incubated with live P. aeruginosa for 3 h, samples were fixed, DNA was stained with DAPI, and NET production was subsequently analyzed by quantitative confocal microscopy. Our results revealed that NET production was 2-fold higher in MUNC13-4 KO neutrophils than in wild type cells (Fig. 8A) . Thus, although ϳ30% of MUNC13-4 KO cells produced NETs under our assay conditions, only ϳ15% of wild type cells were able to induce extracellular trap formation in wild type cells (Fig. 8B ). We observed similar results when NETs were evaluated using DNA dyes (Fig.  8C ). Because NET function is believed to be mediated by neutrophil granular proteins that localize on the extracellular DNA fibers (4) and because the release of granule cargoes to the extracellular milieu is defective in MUNC13-4 KO neutrophils (30) , we next determined whether NETs from MUNC13-4 KO neutrophils contain neutrophil granular proteins. Using immunofluorescence analysis of endogenous proteins, we observed that NETs from MUNC13-4 KO neutrophils are decorated with puncta that were positive for MPO ( Fig. 8D ), suggesting that MUNC13-4 KO neutrophils are able to produce potentially functional NETs. Altogether, our killing and NET generation data suggest that a complementary mechanism (e.g. exo-cytosis (27) ) may be necessary for MUNC13-4 KO neutrophils to efficiently kill P. aeruginosa that have been trapped by NETforming cells.
DISCUSSION
MUNC13-4 regulates exocytosis in neutrophils (27, 29, 30) , cytotoxic T lymphocytes (61) , natural killer cells (62) , and platelets (50, 63) , and its deficiency is associated with the severe and often fatal immunodeficiency FHL3 in humans. In this work, we characterized novel, important roles for MUNC13-4 in the regulation of the neutrophil oxidative response, phagosomal maturation, and bacterial killing. Thus, we demonstrate that MUNC13-4 regulates the production of both extracellular and intracellular ROS through mechanisms that involve the control of vesicular trafficking and granular fusion. We also show that MUNC13-4 regulates the fusion of azurophilic granules and multivesicular bodies with the phagosome and that MUNC13-4 is necessary for the efficient killing of intraphagosomal pathogens. Based on experiments using gp91 phox -deficient neutrophils and previous data from CGD patients (60) , it is possible that the defects in ROS production may not be causative of P. aeruginosa survival in MUNC13-4 KO neutrophils. However, it is likely that the impairment in ROS production would render MUNC13-4-deficient patients susceptible to infections by other catalase-positive pathogens. Altogether, our findings help to elucidate the molecular mechanisms of neutrophil-mediated killing and have direct implications on the understanding of the development of bacterial infections associated with FHL3.
The activation of the NADPH oxidase in response to soluble stimuli involves the translocation of the membrane-associated subunit of the oxidase, the flavocytochrome b 558 , from the membrane of intracellular granules to the plasmalemma. In this work, we characterized MUNC13-4 as an essential regulatory component of this process. In particular, we show that MUNC13-4 controls discrete steps during the trafficking of flavocytochrome b 558 -containing granules to the plasma membrane. MUNC13-4 has been proposed to regulate vesicular priming, tethering (30, 47) , and fusion (33, 50) , but simultaneous regulation of these mechanisms by MUNC13-4 in a single cellular system has not been shown. In this study, TIRF microscopy analysis of the distribution of p22 phox -expressing granules indicated that MUNC13-4-deficient neutrophils have a decreased number of granules at the plasma membrane ( Fig. 1) . In principle, this may suggest that MUNC13-4 regulates either granule trafficking toward the plasma membrane or granule tethering and retention at the plasma membrane. This is in agreement with the previous role described for MUNC13-4 in tethering of lytic granules in secretory lysosomes (47) . In an independent approach, we show that a subpopulation of p22 phox -positive granules can be tethered at the plasma membrane but do not integrate with the plasmalemma upon stimulation (Fig. 2 ). This is also in agreement with a previous study showing that lytic granules are able to dock but not fuse at the immunological synapse in cytotoxic T lymphocytes lacking MUNC13-4 (33) and with a recent in vitro study showing that MUNC13-4 directly binds SNAREs and controls vesicular fusion (50) . Our data suggest that rather than regulating a single A, the ability of wild type and MUNC13-4 KO neutrophils to kill opsonized P. aeruginosa was analyzed by incubating freshly isolated neutrophils or heat-killed neutrophils (negative control) in the presence of opsonized P. aeruginosa for 3 h at 37°C followed by release of internalized live bacteria by alkaline lysis of neutrophils at pH 11 and subsequent quantification of live bacteria by the XTT reaction as described under "Experimental Procedures." B, the ability of WT and MUNC13-4 KO neutrophils to kill extracellular bacteria was measured as described above except that alkaline lysis was omitted, and therefore, only extracellular bacteria were quantified. Where indicated, the cells were treated with DNase I to destroy neutrophil extracellular traps after the 3-h incubation period. The results are expressed as mean Ϯ S.E. (error bars) (n ϭ 6). Quantitative analysis was performed using a non-parametric Mann-Whitney test. C, P. aeruginosa killing by gp91 phox KO neutrophils was analyzed as described in A. The results are expressed as mean Ϯ S.D. (error bars) (n ϭ 2). step during granule trafficking MUNC13-4 regulates both tethering and fusion of p22 phox -expressing granules with the plasmalemma in neutrophils.
Phagocytosis in neutrophils is a process of fundamental importance for the innate immune response (2, 64) , but the mechanisms underlying trafficking and fusion of neutrophil granules with the phagosome are not well understood. Our data show, for the first time, that MUNC13-4 regulates granule fusion with the phagosome and contributes to the formation of mature phagosomes in neutrophils. In our studies, MUNC13-4 selectively controlled the delivery of azurophilic granule and MVB proteins to the phagosome, whereas the translocation of the flavocytochrome b 558 was not significantly affected in cells lacking MUNC13-4 expression. It is possible that the flavocytochrome b 558 incorporated into the phagosome in cells lacking MUNC13-4 is derived from the plasma membrane and incorporated into the phagosomal membrane during particle invagination. Alternatively, it is possible that MUNC13-4 does not regulate the fusion of flavocytochrome b 558 -expressing gelatinase and/or specific granules with the phagosome. This would suggest that the subpopulation of flavocytochrome b 558 -positive granules that also contains MUNC13-4 is involved in trafficking toward the plasma membrane and not in vesicular transport to the phagosome or that alternative mechanisms facilitate the delivery of the flavocytochrome b 558 to the phagosome in the absence of MUNC13-4. Our data also suggest that MUNC13-4 is important for the production of intraphagosomal oxidants because it is responsible for the delivery of myeloperoxidase, the enzyme that catalyzes the formation of oxidized halides, which in turn contribute to intraphagosomal bacterial killing, from azurophilic granules (54, 65) . In addition to myeloperoxidase, azurophilic granules are also important for the delivery of toxic proteases (e.g. elastase and cathepsin G) and bactericidal peptides into the phagosome. Therefore, the role played by MUNC13-4 in the regulation of azurophilic granule fusion with the phagosome is highly significant. Also important, our studies indicate that MUNC13-4 controls the fusion of LAMP1-positive MVBs with the phagosome. This is significant because in the absence of LAMP1 phagosomes show defective phagosomal maturation and trafficking and are predisposed to develop maturation arrest despite the normal activity of other important regulators of phagosomal maturation including Rab7 (24) .
Phagosomal maturation was not defective in the absence of RAB27A expression as RAB27A-deficient neutrophils in contrast to MUNC13-4 KO neutrophils are able to deliver azurophilic and specific granule proteins to the phagosomal membrane in response to P. aeruginosa. Although MUNC13-4 is considered a specific RAB27A effector, previous studies have reported other MUNC13-4 functions that proceed in the absence of RAB27A. These include the exocytosis of a readily releasable subpopulation of azurophilic granules in neutrophils (30) , the recruitment of MUNC13-4 to lytic granules in response to the activation of certain cellular receptors (31) , and the regulation of exocytosis in platelets (63) . How MUNC13-4 regulates phagosomal maturation and which upstream mechanisms activate MUNC13-4 are still unclear. Phagocytosis can proceed in the absence of RAB27A, but whether RAB27A is not involved at all in this process or whether MUNC13-4 interacts with other Rab proteins, which compensate for the absence of RAB27A, is still obscure. A recent report has presented evidence that phagosomal maturation is regulated by a relatively large network of Rab GTPases and that the number and type of Rab proteins engaged depend on the type of microorganism phagocytosed (66) . Some of the candidates, which include Rabs 20, 22b, 32, 34, 38, and 43, were proposed to regulate phagosomal maturation in macrophages (66). Thus, it is possible that granule trafficking toward the phagosome is facilitated by Rab proteins other than RAB27A that would facilitate MUNC13-4 function in the granule/phagosomal fusion process. Future studies are necessary to determine whether or not these Rab proteins regulate MUNC13-4 function or play a significant role in neutrophils. Another possibility is that MUNC13-4 regulates granular-phagosomal fusion through direct interaction with SNARE proteins. In this way, the MUNC13-4 C2A domain has been recently shown to specifically interact with several SNAREs including syntaxins 1, 2, 4, and 11 but not syntaxins 3, 5, and 6 (50). In addition, MUNC13-4 is able to bind to phospholipids through its C2 domains (29) . This ability of MUNC13-4 to interact with multiple molecular targets through independent intramolecular domains suggests that vesicle-associated MUNC13-4 would be able to interact with phagosomal targets and build a bridge between organelles to facilitate docking and/or fusion in a RAB27A-independent manner. Finally, two MUNC13-4-interacting proteins, RAB27A and syntaxin 11, have been postulated to act as negative regulators of phagocytosis (67, 68) . These observations together with the findings that MUNC13-4 KO but not RAB27A KO neutrophils have defective phagosomal maturation may suggest that these MUNC13-4-interacting proteins may inhibit phagocytosis by sequestering MUNC13-4.
The mechanisms used by neutrophils to kill bacteria rely on their capacity to generate reactive oxygen species and to deliver serine proteases and bactericidal peptides into the extracellular milieu and the phagosome. In this work, we show that MUNC13-4 controls phagosomal maturation and is necessary to mediate efficient intracellular killing. Furthermore, extracellular killing defects in MUNC13-4 KO cells were also observed under experimental conditions that favor the release of NETtrapped bacteria. However, MUNC13-4 KO neutrophils produce a significantly higher number of NETs than wild type neutrophils when stimulated with live bacteria, and NETs in MUNC13-4 KO cells were decorated with the bactericidal protein myeloperoxidase, which is an important component for efficient NET formation and NET-dependent killing (4, 41, 69). Thus, it is possible that NET-mediated killing requires either the release of secretory proteins or ROS production, two processes that are impaired in MUNC13-4 KO neutrophils (Refs. 29 and 30 and this work). For example, a steady supply of H 2 O 2 is necessary to mediate the NET-associated MPO-dependent oxidative activity. Also, MUNC13-4 KO cells may be unable to generate an appropriate microenvironment to facilitate the catalytic activity of NET-associated proteases. A different scenario would take place in CGD neutrophil-mediated killing because neutrophils from CGD patients are unable to produce ROS and are completely devoid of NETs (41) . These mechanisms are currently under investigation in our laboratory.
MUNC13-4 is ubiquitously expressed in hematopoietic cells, and its deficiency is associated with a severe immunodeficiency in humans characterized by the development of an accelerated phase usually referred to as hemophagocytic syndrome (33) . This phenotype is generally associated with the impairment of natural killer cells and cytotoxic T lymphocytes to kill infected cells. However, recent evidence suggests that neutrophils may be involved in the development of hemophagocytic lymphohistiocytic syndrome (70) , and patients with FHL3 have been found to suffer recurrent bacterial infections with granulomatous lung or liver disease in addition to well documented viral infections (71) . These data together with our data presented here that neutrophils deficient in MUNC13-4 are characterized by impaired ROS production, phagocytosis maturation, and killing strongly support the view that neutrophil defects may contribute to the severe susceptibility to infections observed in FHL3 patients. In conclusion, our research shows that MUNC13-4 has previously unrecognized functions in intracellular granular trafficking, phagosomal maturation, and bacterial killing in neutrophils and highlights MUNC13-4 as a potential target for therapeutic intervention for the treatment of bacterial infections.
